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We report the first direct observation of a disordered vortex matter phase existing 
near the edge of a bulk type-II superconductor Nb using a novel position-sensitive neu- 
tron diffraction technique. This "edge-contaminated" vortex state was implicated in 
previous studies using transport techniques and was postulated to have played a signifi- 
cant role in the behavior of vortex dynamics in a wide range of type-II superconductors. 
It is found that upon thermal annealing, the vortex matter in the bulk undergoes re- 
ordering, suggesting that the edge-contaminated bulk vortex state is metastable. The 
edge vortex state remains disordered after repeated thermal annealing, indicating spa- 
tial coexistence of a vortex glass with a Bragg glass. This observation resolves many 
outstanding issues concerning the peak effect in type-II superconductors. 



PACS numbers: 74.25.Uv 

Vortex matter (VM) in type-II superconductors con- 
tinues to be a subject of fascination. A longstanding 
issue is the nature of the ground state of the vortex 
lines in the presence of atomic impurities and other forms 
of quenched disorder acting as random pinning centers. 
Early calculations [TJ [2] and scaling arguments [3 sug- 
gested the absence of long-range order even for weak 
random pinning. Thus an ordered VM phase was not 
expected in any real type-II superconductors contrary to 
the neutron diffraction experiments in which sharp Bragg 
peaks were observed in the VM phase of Nb [4j [5] . A 
possible reconcilliation has since been proposed in the 
Bragg glass model [6j [7] which predicts that the vortex 
lines form a topologically ordered lattice with quasi-long- 
range-order (QLRO) characterized by a power-law struc- 
ture factor [SJ [9]. However, the latest theoretical treat- 
ments seem to again keep the issue in the open [T0UT2] 
and further experimental progress is urgently needed. 

The existence of QLRO implies that there must be a 
true order-disorder phase transition in the VM. An out- 
standing question is how this putative phase transition 
is related to the ubiquitous peak effect [131127] . an in- 
triguing phenomenon that when disorder is reduced in 
sample preparation, a type-II superconductor often ex- 
hibits a sharp minimum in the resistance versus tem- 
perature (T), or a peak in the critical current versus 
T curves [15]. The peak effect has attracted attention 
[281 129] since it was first observed in Nb[l3j [14], but re- 
mains poorly understood. There is clear evidence for 
a first-order melting transition at the peak effect from 
magnetization p~9j [20], neutron diffract ion [21], and heat 
capacity [26] measurements. It is also known that the 
peak effect can disappear at high or low magnetic fields 
[25j l30l [31], and some samples display neither a peak 
effect nor any sign of a phase transition [32j [33]. This 



"lack-of-universality" appears to be related to another 
puzzle in the VM physics: in some samples, the zero- field- 
cooled (ZFC) VM state is ordered, but the field-cooled 
(FC) state is disordered, indicative of supercooling at a 
first-order transition [21j [27] [34] ; while in other samples, 
the reverse is true [35]. There have been strong indica- 
tions from transport studies [36, 37 that the latter effect 
may be caused by an "edge-contamination" mechanism. 
In some samples, due to a highly inhomogeneous surface 
barrier, "tearing" [38 can occur as the vortex lines are 
driven into system from the sample edges. This model 
provides an excellent explanation for transport [36 , 37 , 39 
and magnetization experiments [40] . However, there has 
been no direct structural evidence for the existence of an 
edge-contaminated VM phase. Here we report the first 
direct evidence that in a Nb single crystal exhibiting a 
disordered ZFC state, the VM near the sample edge is in- 
deed disordered. We show that the disordered bulk ZFC 
VM phase is metastable and can be thermally annealed 
into large ordered domains. In contrast, the edge VM 
state remains disordered. 

Our experiment is made possible by a reflectometry 
instrumental which has the novel capability of neu- 
tron diffraction topography [42]. This technique allows 
positional-dependent structural analysis of a bulk vor- 
tex state in a type-II superconductor. Our sample is 
an as-grown Nb single crystal [43 of 99.99% in purity. 
It has the shape of a cylinder with the (111) cryst allo- 
graphs direction oriented along its cylindrical axis. The 
crystal diameter is 12.1 mm with a height of 10.1 mm 
and weighs 9.69 g. From our AC magnetic susceptibility 
measurements (data not shown), we sketch the magnetic 
phase diagram for this sample in Fig. [I] The important 
sample parameters are: by measurement, the zero-field 
superconducting transition temperature T c = 9.2 K, and 
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the peak effect H p (A.2K) = 4000 Oe; by extrapolation, 
the zero-temperature critical field values H& = 900 Oe, 
H C 2 = 5800 Oe, and the zero-temperature peak effect 
Hp — 4800 Oe. These values are similar to those of a 
Nb crystal used in previous studies [2T j 125 ) I5T] . However, 
there are two notable differences between these two sam- 
ples. First, this Nb crystal has a residual-resistivity-ratio 
(between 300 K and 10 K) of RRR=32, while the previ- 
ous one has RRR=14[31 . Second, in the previous sam- 
ple, the peak effect was pronounced and observable (us- 
ing AC magnetic susceptibility [16 ) down to 800 Oe[25 , 
while in the present sample, a remnant of the peak effect 
is observable in temperature-dependent AC susceptibil- 
ity measurements at fields above 3300 Oe, and a weak 
peak effect is clearly observed at 4.2 K and 4000 Oe. Be- 
low we use neutron diffraction techniques to unravel the 
vortex physics underlying the absence of the peak effect 
at low fields. 

Our thermo-magnetic experimental procedures are de- 
fined on the phase diagram in Fig. [I] Field-cooled (FC) 
is cooling the sample in a magnetic field of 1400 Oe and 
zero-field-cooled (ZFC) is cooling the sample in zero mag- 
netic field and then ramping the field to 1400 Oe. Fig. 
Q] demonstrates the drastic difference in order between 
the FC and ZFC VM. The standard small angle neutron 
scattering (SANS) geometry is shown in Fig. [TJ top). The 
magnetic field, i7, is parallel to the neutron beam and 
the cylindrical axis of the sample. The SANS data in 
Fig. [TJb, Right) is measured using the V4 instrument 
at the BER II reactor of the Helmholtz Zentrum Berlin. 
The FC SANS image (center) shows well defined Bragg 
peaks to several orders indicating that the FC VM is 
clearly ordered. For the ZFC state (right), the Bragg 
peaks are emerging but there is significant scattering be- 
tween the expected Bragg peaks indicating a disordered 
vortex state. Due to the present technical limitation on 
most SANS instruments, it is difficult to characterize the 
spatial variation of the VM structure. Below we show 
that one can overcome this difficulty by using a neutron 
reflectometor in the diffraction mode. 

At the NIST-Center for Neutron Research, we 
use the Advanced Neutron Diffractometer/Reflecter 
(AND/R) [41] for diffraction as shown in Fig.^c). This 
allows us to investigate the radial and azimuthal widths 
of the in-plane Bragg peak as the sample is scanned by 
a ribbon-shaped neutron beam. The azimuthal direction 
is measured by rotating the sample (and the magnetic 
field) and measuring the scattered neutron intensity as 
a function of rotation angle, uo. A single detector is set 
at the angle 2$, where satisfies the Bragg condition 
(nX = 2d sin 0, n=l and d is the vortex plane spacing). 
The magnetic field is applied parallel to the (111) axis 
of the Nb sample, perpendicular to the neutron beam 
collimation. The AND/R instrument allows us to ex- 
plore the spatial nature of the disorder in the VM. The 
neutron beam with a width of 0.5 mm is much smaller 
than the sample diameter (12.1 mm). We are able to 
vary the section of the Nb crystal exposed to the neu- 




FIG. 1: (Color online) (a) The scattering geometry for conven- 
tional small-angle neutron scattering (SANS), (b) (Left) The 
magnetic field - temperature phase diagram; (Right) SANS 
images, summed over the rocking angle, for the FC and the 
ZFC states at T = 1.5 K and H = 1400 Oe. The neutron 
wavelength is A = 12 A and A A/ A = 0.1. Rectangular guides 
are used for angular collimation with an angular spread of 
0.146°. (c) The scattering geometry for AND/R. The inci- 
dent neutron beam has a mean wavelength of A = 5 A and a 
AA/A = 0.01. Measurements of the main neutron beam reveal 
an angular spread of 0.02° and 0.009° for Figs, [I] [3] and for 
Fig. [2] respectively. Note the magnetic field is applied parallel 
to the cylindrical axis of the sample, (d) The initial Bragg 
peak structure at T = 3.5 K and H = 1400 Oe for ZFC and 
FC VM. Solid lines are Lorentzian fits, (e) The Lorentzian 
half-width, cr, of the Bragg peaks at H = 1400 Oe is plot- 
ted as a function of the annealing temperature, Ta. Ta is 
the highest temperature the vortex lattice is heated to before 
returning to the measurement temperature, T = 3.5 K. 



tron beam and measure the Bragg peak for a particular 
spatial location (the drawn-to-scale sketch of the topog- 
raphy measurement is shown in Fig. [2]). However, the 
increased resolution is at the expense of neutron flux, 
and prevents us from studying the peak effect and the 
order-disorder transition directly. Our scanning neutron 
diffraction measurements are limited to deep in the Bragg 
glass portion of the phase diagram. For probing differ- 
ent sections of the VM, we calibrate the center position 
(x = 0.0 mm) via scans of a neutron absorber (Cd mask) 
located on the bottom of the sample. 

Fig.[TJd) shows typical AND/R data, scattering inten- 
sity vs. rocking angle, for the same field 1400 Oe and 
growth histories at T = 3.5 K, as in the SANS measure- 
ments. It can be seen from Fig. [TJd) that <tfc < 0"zfc> 



3 




FIG. 2: (a) (Top) A top view of the location to the two Bragg 
peaks. (Main) Intensity, /, versus rocking angle minus the 
location of the Bragg condition, uj — cj , of the Bragg scatter- 
ing from the edge of the sample and the scattering from the 
sample center for an AFC VM scaled at 4.5 K and 1400 Oe. 
(b)3D plot of the AFC Bragg peaks at 4.5 K and 1400 Oe: 
I versus uj versus sample position (x) with a top view of the 
respective spatial positions in the Nb crystal. The solid lines 
are guides for the eyes and all intensities are scaled to the 
same scattering area. 



where a is the Lorentzian half-width of the peak. The 
broadness and asymmetry in the ZFC peak suggest a 
vortex lattice broken into many small domains separated 
by low-angle grain boundaries. The sharp FC peak is not 
surprising since the measurement is deep inside the Bragg 
glass phase and no supercooling effect is expected [2TJ [34]. 

We find that the disordered ZFC state is metastable, 
it re-orders upon thermal annealing. In Fig. 1(e), the 
Lorentzian half-widths of the Bragg peaks are plotted as 
a function of the annealing temperature, Ta, the high- 
est temperature excursion the sample had undergone. It 
should be emphasized that all measurements in Fig. [TJe) 
are at the same field 1400 Oe and temperature 3.5 K. It 
is clear that significant re-ordering has occurred during 
the annealing process for the ZFC VM. It is interesting 
to note that there is a pronounced the plateau effect at 
~ Ta = 6K which may indicate two types of re-ordering 
processes. We also apply the same procedure to the FC 
VM. There also appears to be increased order at elevated 
Ta- To within our experimental resolution, the ZFC and 
FC states approach the same final state after annealing. 

Next we use AND/R to characterize the spatial vari- 
ation of the annealed VM phase. Fig. [2^a) shows the 
rocking curves from the center and edge of the sample 
for an annealed FC state. A sharp asymmetric peak is 
found for the center of the sample indicating an ordered 
VM phase. Upon a close examnination, one can discern 
fine structures indicating large ordered domains of VM 
separated by low angle grain boundaries. We interpret 
this state as the Bragg glass phase with residual nonequi- 
librium effects. The broad Bragg peak at the edge of 
the sample suggests a disordered VM phase even after 
annealing. We suggest that this may be a vortex glass 
phase [45] co-existing on the sample edge. Fig. j2^a) is 




-6 -4 -2 2 4 -6 -4 -2 2 4 6 



(3) CD-(D ( ) (D-(D ( ) 



FIG. 3: (color online) The impact of surface oxidation on 
the FC and ZFC vortex matter is shown, (a) The intensity 
divided by the integrated intensity (I. /I. I.) is plotted versus 
uj — ujo for the FC versus FC G VM (right) and ZFC versus 
ZFC VM (left). (b)The 20 value is plotted versus the sample 
position, x, for ZFC and FC VM. The measurements are at 
T = 4.5 T and H 1400 Oe. 



thus the direct structural evidence for the edge contami- 
nation model. In Fig. [2^b), we measure the variation of 
the Bragg peak structure through the interior of the sam- 
ple. As the neutron beam moves across the sample, there 
are clear changes in the structure of the Bragg peak. This 
indicates a complex domain structure in the VM, consis- 
tent with previous Reverse Monte Carlo simulations on 
SANS datagS]. 

Fig. [2|a) shows that the disordered edge VM exists 
even in the annealed state. This observation is signifi- 
cant since it implies that the structural information ob- 
tained by standard SANS measurements is not directly 
correlated with dynamical measurements such as mag- 
netization and transport for samples with edge contam- 
ination (with an inhomogeneous surface barrier). The 
SANS signal is dominated by the central region of the 
sample, while the latter are determined by super current 
or magnetic field gradient on the sample surface. This 
resolves an important issue raised by a recent SANS 
experiment [47] in which ordered VM signals can be de- 
tected by SANS above the peak effect determined by 
magnetization. Furthermore, our observations offer a res- 
olution to the longstanding puzzle concerning the appear- 
ance or absence of the peak effect. By using AC magnetic 
susceptibility measurements, we find that in this sample, 
the peak-effect line has a significantly lower slope than 
that of H C 2(T). In the previous sample, the line is nearly 
parallel to the H C 2(T) line. Since the AC magnetic sus- 
ceptibility measurements are dominated by the surface 
current in the sample, the appearance or the absence of 
the peak effect will depend on the residual short-range 
order in the edge VM. If the edge VM is strongly disor- 
dered by the surface defects, there will be no observable 
effect from the thermally-induced disordering due to the 
Bragg glass melting transition in the bulk. In systems 
with minimal contamination effects, the peak effect is 
pronounced and coincides with the Bragg glass melting 
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transition measured with SANS [21 . An earlier observa- 
tion that the peak effect in 2H-NbSe2 can be lowered (in 
field for fixed T measurement) by physically cutting the 
sample [48 may also be explained by the presence of a 
dirty vortex state at the sample edges. 

Surface oxidation has been shown to suppress the sur- 
face barrier effects in Nb [49 , 50 . To carry out a prelimi- 
nary study of the surface oxidation effect on the VM, we 
subject our sample to an O2 atmosphere at 600° C for 
six minutes following the recipe by Ref. [50] . After oxi- 
dation, we repeat our neutron diffraction measurements. 
A subscript o is added to the growth procedure to denote 
the oxidized sample. Fig.[3ja) is a plot of the normalized 
intensity vs. rocking angle for the FC and ZFC states be- 
fore and after oxidation. The ZFC Bragg peak has strong 
variations in the tail, a broader width, and a lower peak 
intensity. The broad tails are attributed to a strongly dis- 
ordered edge state that the neutron beam bisects due to 
the scattering geometry. The change in the tail behav- 
ior suggests that the order in the VM near the sample 
edge has increased after the oxidation of the cylindrical 
surface. The increase in relative intensity and decrease 
in width in the ZFC G is attributed to an improved order 
in the bulk vortex structure. This change might be in- 
fluenced by the oxidation of the top and bottom of the 
sample which reduces pinning of the vortex lines there 
and would influence the bulk behavior. Comparing FC 
to FC G , we see a higher intensity in the FC G Bragg peak 
with minor difference in the tail supporting our conjec- 
ture. The variation in the ZFC tails is the dynamical 
impact of the edge contamination. 

Due to the vortex pinning in the edge and bulk, the 
magnetic field is expected to have a spatial gradient in the 



ZFC state known as the Bean critical state [51. This is 
confirmed in our radial measurements. As plotted in Fig. 
[^b) there is a difference of 0.03° between the 20 of the 
ZFC and FC VMs which corresponds to a change in the 
vortex plane spacing and a field difference of 300 Oe. Fig. 
|3jb) is a plot of 20 versus sample location, x, and shows 
that the surface oxidation has reduced the ZFC VM field 
profile, as expected from a reduced surface barrier. 

In summary, using a novel slicing neutron diffraction 
approach, we have explored the VM in a type-II super- 
conductor with edge contamination. Our data offer the 
first direct evidence that the edge contamination is in- 
deed present in systems with a disordered ZFC vortex 
state. Our results shed new light on the peak effect prob- 
lem in type-II superconductors and may offer a new route 
to the growth of a true Bragg glass state. 
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